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Abstract
Pedestrian stepping behaviour has been widely ignored in crowd simulation models. Yet, the continuous motion of pedestrian
torsos is the result of decisions about discrete steps. In this contribution we discuss biomechanical pedestrian stepping behaviour
and present arguments that show its importance. In addition, we analyse empirical data from controlled experiments to better un-
derstand how pedestrians make their steps. The results show the dependence of step length on speed in diﬀerent walking situations,
like walking sideways or climbing stairs. Independently of whether subjects walked ahead, sideways or backwards in the plane,
increasing speed goes along with increasing step lengths.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
The principle of human locomotion is bipedalism. Although this seems a trivial statement, it has largely been
ignored in pedestrian and crowd simulations. Bipedalism is an important feature of human kind that has come a long
way in evolution (Tanner (1981); Schmitt (2003); Richmond et al. (2001)). Many ﬁelds of study are concerned with
it. Some prominent examples are the evolution of bipedalism in biology, pathological movement in medicine, and
kinematics and kinetics of human movement in biomechanics. Finally, in computational biomechanics simulation
models of human walking are developed (Yamazaki et al. (1979)), focusing on individuals, not collective systems,
such as crowds.
The study of stepping behaviour has proven to be important for safety research. Examples are the excitation of
bridges (Strogatz et al. (2005); Macdonald (2009)), stumbling and falling (Nenonen (2013)), or the coeﬃcient of
friction necessary for turning around a corner (Fino and Lockhart (2014)). Especially important is the modelling
of stair ascend and descend, since many large buildings comprise a lot of stairwells that have to be considered in
evacuation scenarios (Galea et al. (2008)).
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Crowd simulation models that model individuals, such as the Social Force Model (Helbing and Molna´r (1995);
Helbing et al. (2000)), originally focused on scenarios with many pedestrians and their interactions. Mostly they do
not consider individual steps or biomechanical movement, but rather forces that stem from the social and physical
contact between pedestrians. A more recent model (Moussaı¨d et al. (2010)) separates the psychological from the
physical layer and thereby allows for modelling techniques closer to modern psychological research, such as cognitive
heuristics (Gigerenzer et al. (1999)). The Optimal Steps Model (Seitz and Ko¨ster (2012, 2014)) is based on stepwise
movement and employs it for numerical discretisation. Biomechanics could be regarded as an additional microscopic
layer in simulation models interacting with and connecting both the psychological and physical layer.
At ﬁrst, we discuss some aspects of biomechanics to start oﬀ a discourse in the community of crowd and pedestrian
dynamics research (Sec. 2). In the next section we present video analysis techniques for the investigation of stepwise
motion and results from a series of controlled experiments (Sec. 3). Finally we discuss the results of the experiments
and the possible future of crowd modelling with biomechanical aspects (Sec. 4).
2. Biomechanical background
In this section we discuss some general concepts well known in biomechanics and results from recent investigations
that show how important the ﬁeld is for pedestrian safety. According to Winter (2009): “The Biomechanics of
human movement can be deﬁned as the interdiscipline that describes, analyses, and assesses human movement.” Its
applications mostly lie in medicine and ﬁelds of study close to it. Therefore many topics might not be of direct interest
for pedestrian and crowd simulations, such as detailed models for neural control of movement. Nevertheless, all of
this aﬀects observed pedestrian behaviour to some extent.
There are several diﬀerent scales in the study of human biomechanics. At the highest level one might consider
kinematics, the mere study of movement, such as the position and velocity of limbs. In kinetics the forces necessary
for this movement are investigated. For instance, the forces a single muscle applies on a tendon might be of interest
here. Also studies of muscle and joint mechanics and neural control are part of the biomechanics of human movement.
Winter (2009) gives an overview on these topics.
An issue that has direct relevance for pedestrian safety is the coeﬃcient of friction necessary to turn around a
corner. Fino and Lockhart (2014) found that it is higher than a safety guideline suggests. Others investigate the
forces acting during stair ascend and descend (McFadyen and Winter (1988)). These kind of ﬁndings could also be
considered for the sudden change of direction and constraints of movement in crowd simulations.
Two directions of investigation can be distinguished. First, forward models try to predict movement based on a
model of the forces and limbs acting in the human body. Second, inverse models try to reconstruct the forces that
lead to an observed movement. The latter has the advantage that the input parameters can be observed. Forces inside
muscles, which are necessary for forward models, on the other hand, cannot be observed (Winter (2009)). Here,
validation is easier since the outcome is predicted movement, which can be compared to observations.
Pedestrian simulation could beneﬁt from both approaches. Forward models could be used to predict the stepping
behaviour and constraints on possible movement. Inverse modelling may be employed for the prediction of head
swaying based on the analysis of gait. The speciﬁc requirements on the simulation determine the level of detail
necessary. In general, however, pedestrian models must be designed properly to allow the use of biomechanical
movement models (see discussion in Sec. 4).
Computer simulation is not new to biomechanics (Yamazaki et al. (1979)). Models vary greatly in complexity. For
instance, pedestrians are simulated as an inverted pendulum (Kuo (2007); Macdonald (2009)), or with a detailed model
of muscles. The latter is computationally complex (Martin and Schmiedeler (2014)) and therefore not yet suitable for
the simulation of many pedestrians. Somewhere in between are segments models (Koopman et al. (1995)). Mostly
either the frontal (Macdonald (2009)), also called coronal plane, or the sagittal plane (Martin and Schmiedeler, 2014)
is considered, which means the models are two-dimensional or planar. The choice of plane, frontal or sagittal, has
to be made based on the requirements in the application. This choice diﬀers from current models of more than one
pedestrian, which mostly use the top-down view or transverse plane.
The excitation of bridges was assumed to be the result of pedestrians synchronising their stepping behaviour (Stro-
gatz et al. (2005)). Yet, a simple biomechanical frontal plane model of pedestrians predicts the excitation due to
pedestrians solely balancing their weight during the single-stance phase (Macdonald (2009)). This example also
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Fig. 1. Set-ups for part three of the controlled experiments. Obstacles were indicated with masking tape in experiments (a) and (c). In experiment
(b) tables were used in addition to the masking tape. Subjects had to walk around the indicated obstacle. Only one subject walked at a time so that
no interaction took place among them. In (a) the obstacle is a corner of 90 degrees, in (b) the obstacle is the same corner with tables, and in (c) the
obstacle is a straight line making subjects turn around 180 degrees.
shows how pedestrian stepping behaviour can have a direct impact on building structures and thus must be considered
in civil engineering.
3. Controlled experiments
We conducted a series of experiments with twelve subjects, all computer science students, in the hall of a university
building. Each of the participants had to walk individually, therefore no interactions among them took place during
the experiment. The experimental area was video recorded from an oblique position above (see Sec. 3.1).
In part one, the subjects had to walk directly from one point to another without obstacles on the way. In each
experiment they were instructed to walk slowly, normally and fast, but always at a speed they felt comfortable with,
that is, the speed was self-selected. This part of the experiment was aimed at step length and speed measurement. At
ﬁrst they had to walk forwards, then backwards and sideways. In a fourth experiment they had to walk forwards, stop
at a verbal command and then resume walking after a second verbal command. The resulting stepping behaviour is
analysed in Sec. 3.2.
In part two, subjects had to walk up and down a stairway. They were instructed to walk normally and then, in a
second round, fast. Here the focus lies on how many stairs they took with one step at diﬀerent speeds. The results of
this experiment are presented in Sec. 3.3.
In part three, the same instruction as in part one was given concerning walking speeds, but now participants had
to walk around an obstacle. Three experiments were conducted (see Fig. 1): ﬁrst, the obstacle was a corner with a
90 degree angle indicated by white masking tape on the ground; second, the same obstacle was complemented with
tables forming the same corner but with some height; third, they had to walk around a straight line on the ground,
again indicated with white masking tape. The observed trajectories and distances to the obstacle are discussed in
Sec. 3.4.
3.1. Video analysis
The objective of the video analysis is to extract the exact positions of pedestrians’ feet after each step. At ﬁrst,
the position of the toes when touching the ground is marked manually in the video footage. Whenever the toes are
marked, the time is stored as well. This is done with the original video footage without transformations to facilitate
the process of marking the steps. Therefore, the coordinates do not represent the actual position in the plane, but the
position of the pixel in the video footage. The positions have to be projected according to the spatial distortion to get
the actual positions in the plane. For this, a large square area was marked on the ﬂoor that facilitates the creation of a
projection matrix.
Whenever pedestrians’ heads are tracked, the distance to the ﬂoor has to be considered. With our approach, the
height of subjects does not pose a problem, since the positions of the feet that are marked are also located in the plane.
Therefore, this analysis can be applied with very steep viewing angles. The feet have to be visible throughout the
tracking, so that they can be exactly located. This poses a problem in crowds or situations where the feet are covered
by other objects. In controlled experiments, however, a setting can be chosen that matches these requirements. A
slanted camera position from above is advantageous for the visibility of the feet.
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Fig. 2. Left: Deﬁnition of the pedestrian’s position (c) with the coordinates of the left foot (a) and the right foot (b). Position (c) is the arithmetic
mean of the two feet’s coordinates and has the same distance (d) to both of them. Right: Trajectory of a pedestrian walking from left to right in a
controlled experiment. The left foot’s positions are shown in red, the right foot’s positions in blue and the resulting pedestrian position in black.)
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Fig. 3. Contour-plots for the position after the next step for walking ahead (a), walking backwards (b), sideways (c) and stopping and resume
walking (d). The current position is indicated with a red cross at the origin (x,y) = (0, 0). The last step was taken in the direction of y, that is, in the
direction of the vector (x,y) = (0, 1). In (d) subjects even sometimes took steps backwards in order to equilibrate when stopping suddenly.
We use the data generated by tracking the feet to obtain the subject’s position. For this, we consider the pedestrian
to be located in the middle between the two positions of his or her feet at the moment when the subject’s toes touch
the ground. This means we use the arithmetic mean of the left and right foot as position and the time when the front
foot touches the ground (see Fig. 2, left).
The trajectory of the pedestrian’s motion is then obtained by connecting the pedestrian’s positions. The left and
right steps are not observable in this trajectory, but the stepwise movement is still present as the interpolation of both
feet (see Fig. 2, right). The resulting data can be used for comparison with or calibration of simulation models.
3.2. Step length and speed
There is a well known dependence of step length on speed of motion in the plane for pedestrians (Kirtley et al.
(1985); Grieve and Gear (1966); Fukagawa et al. (1995)). The relationship can also be predicted with biomechanical
models (Kuo (2001)). In a previous study (Seitz and Ko¨ster (2012)) a linear dependency for walking and a non-linear
dependency for jogging and running has been found. These are all investigations for forwards walking. Furthermore,
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Fig. 4. Step length and speed scatter plots with linear regressions for walking forwards (a), backwards (b), sideways (c), walking forwards and
stopping in between (d). For (a) the linear model seems accurate, but for (b)–(d) the linearity could be questioned because of the limited statistical
dispersion in speed.
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Fig. 5. Relative frequencies of step lengths in histograms for walking forwards (a), backwards (b), sideways (c), walking forwards and stopping in
between (d). For both, walking backwards and sideways, smaller steps were observed than for walking ahead.
so far only relatively fast walking speeds have been observed. In real environments pedestrians might walk slower and
in certain situations sideways or backwards. Here we complement the data from the previous study with slower speeds
and present observations for subjects walking sideways and backwards. Additionally, we conducted one experiment
where participants had to stop and resume walking. Fig. 3 depicts the general stepping behaviour of subjects during
these experiments.
Fig. 4 shows the observed relations between speed and step length, which are all signiﬁcant (t-test, p < 0.01). For
experiments (b)–(d) the linearity of the relation is questionable due to the limited statistical dispersion of the data
in speed. For normal walking ahead however, the linear model with a slope of 0.27 and an intercept of 0.37 seems
accurate. Slightly diﬀerent coeﬃcients have been found in the previous study (Seitz and Ko¨ster (2012)). Putting
together all data for forwards walking from the previous and this study, we obtain a linear model with slope 0.27 and
intercept 0.38, which is almost identical to the linear model we ﬁnd when only using the new data.
Fig. 5 shows histograms of the step lengths for the same experiments. Step lengths are smaller when subjects
walked backwards (mean step length = 0.52 m) or sideways (mean step length = 0.42 m) than when they walked for-
wards (mean step length = 0.75 m), which seems plausible given the particular movement. Furthermore, pedestrians
naturally move slower when walking sideways or backwards, thus leading to smaller steps as well. Some subjects
crossed their legs when they walked sideways, which allowed them to move faster. Others jumped, that is, both feet
were oﬀ the ground for some time, also resulting in faster motion. The latter can be observed for jogging and running
ahead as well.
3.3. Stair ascend and descend
In this section, we analyse the speed and trajectories of pedestrians on stairs. We use a stairway with 24 stairs in
total, where the seventh stair is a small plateau (1.52 m deep). Each normal stair is 0.3 m deep. The diﬀerence in
height between each stair is 0.165 m, so that the total height diﬀerence is 3.96 m. Twelve participants were asked to
separately walk up the stairway with their normal speed, walk down again, walk up the stairway fast and ﬁnally walk
down fast again. All participants had to ﬁnish the experiment before the next experiment started.
287 Michael J. Seitz et al. /  Transportation Research Procedia  2 ( 2014 )  282 – 290 
0
0.
95
1.
9
0 1 2 3 4 5 6 7 8 9
Fig. 6. Trajectories of subjects moving downstairs (left to right). The scale is given in meters. Individual stairs of the stairway are shown as vertical,
black lines. The plateau is visible at the abscissa = 6. Note that the image projection was performed in the plane spanned by the eighth and 24th
stair of the staircase. Together with the steep viewing angle, this reduces the depth of the plateau relative to the other stairs compared to a direct
top-down view. Subjects kept to the middle of the stair and did not use the railing.
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Fig. 7. Speed in stairs per second, walking upstairs (left ﬁgure, from left to right) and walking downstairs (right ﬁgure, right to left). Blue crosses
show speeds for the experiment where subjects were asked to walk normally, red squares show speeds in the experiments where the subjects were
told to walk fast. For high speed values discretisation eﬀects are visible for diﬀerent steps since the time between two steps was measured to an
accuracy of 0.04 s.
The middle of the stairway was used by most of the subjects in both directions (see Fig. 6). Nobody used the
railing. Fig. 7 shows the subjects’ speeds for every stair. Here we measure speed in stair per second, because speed in
the plane would neglect the height. Note that due to the plateau on the seventh stair, the number of stairs per second
is reduced to zero when subjects walked only on the plateau. The speed does not decrease towards the end of the
stairway, implying that the subjects did not slow down even when climbing upstairs. When asked to move fast, they
substantially increased their speed.
Fig. 8 shows the percentages of zero, one and two stairs when walking upstairs (top, (a) and (c)) and downstairs
(bottom, (e) and (g)). When asked to climb fast, subjects sometimes took two stairs at a time. Zero stairs per second
were taken on the plateau, since most subjects placed both feet on it and then proceeded with the eighth stair of the
stairway. Histograms ((b),(d),(f ),(h)) of Fig. 8 show the speed in stairs per second. The diﬀerence between walking
upstairs (b) and downstairs (f ) at normal speed is small, the diﬀerence between subjects walking fast or slow is large.
Subjects who climbed upstairs fast (d) were slower than many subjects climbing downstairs fast (h).
We compute the mean speed of the subjects on the whole stairway (total distance covered / total time). The mean
speeds of all subjects in the experiments are 0.62 m/s for normal ascend, 1.22 m/s for fast ascend, 0.65 m/s for normal
descend and 1.46 m/s for fast descend.
In summary, subjects ascending the stairway at normal speed are slower by about 50% than walking at normal
speed in the plane. When told to move fast, they reach their normal walking speed in the plane. Ascending is only
slower than descending when climbing faster than usual. Note that this might not be true for pedestrians of a diﬀerent
age group, such as children or older persons.
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Fig. 8. Histograms for stair ascend (a)–(d) and descend (e)–(h). The number of stairs taken with one step while ascending with normal self-selected
speed is shown in (a). The distribution of stairs per second is shown in (b). In (c) and (d) the same is shown for self-selected fast ascend. In the
second row (e)–(h) the same data is given for stair descend.
3.4. Obstacle distances
At corners pedestrians have to adjust their walking behaviour: a higher coeﬃcient of friction is needed with higher
speeds at corners than with lower speeds (Fino and Lockhart (2014)). In this part we present the resulting trajectories
from controlled experiments with individual pedestrians walking around a corner. The corner is indicated with white
masking tape or additional tables with a height of 76 cm (see Fig. 1). The trajectories are shown in Fig. 9 (a) and (d)
for a 90 degree corner with masking tape, Fig. 9 (b) and (e) for the same corner with tables and Fig. 9 (c) and (f ) for
a straight line of masking tape, which subjects had to walk around and thus make a turn by 180 degrees.
For each set-up both walking directions, walking from left to right and right to left, are shown. Some diﬀerences
can be noted, especially with the corner that was indicated with masking tape: pedestrians keep a greater distance
to the obstacle after passing the corner. This could be explained by inertia when changing direction of motion at the
corner. The eﬀect also seems present in the experiment with tables in Fig. 9 (b) and (e), but is less pronounced.
Comparing the experiments with masking tape and tables as obstacles, subjects clearly kept greater distances to
the tables than to the white line on the ground. In Fig. 9 (a) and (d) one can even see that subjects actually walked
over the line and thus the trajectories intersect with the obstacle. This is not possible with obstacles of some height,
especially since the depicted trajectories represent the center of the pedestrians’ bodies.
Another important observation is that pedestrians keep less distance to the corner than to the side of the obstacle.
This is clearly visible in Fig. 9 (a) and (d) for the 90 degree corner with masking tape, but even more extreme in Fig. 9
(c) and (f ) with the straight line. It is also present in the experiment with tables in Fig. 9. An explanation could be, that
pedestrians do not want to get too close to obstacles, but they also want to minimise travel time, which saves energy
from a biological point of view. Furthermore, it might also be a direct motivation to reach the target sooner. This
conﬂict of keeping distance and minimising travel time becomes present at the corner, where the obstacle is skirted
closely presumably in order to save time.
4. Discussion
We discussed some aspects of biomechanics in order to encourage crowd modelling researchers to study this ﬁeld.
Computational biomechanical models exist but are computationally complex (Martin and Schmiedeler (2014)) and
therefore might not all be suitable for crowd simulation. However, there are simple models that have proven to be
useful for the investigation of collective behaviour and the impact on the environment (Macdonald (2009)).
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Fig. 9. Trajectories of single pedestrians walking around a corner indicated by white masking tape on the ground or tables (also see Fig. 1). The
labels of the axes are given in meters. In the top row (a)–(c) subjects walked from left to right, and in the bottom row (d)–(f ) from right to left.
Trajectories were determined by tracking the position of the feet. In (a) and (d) the corner was indicated with white masking tape. One can observe
an asymmetry: subjected started close to the tape and then kept a slightly greater distance after the corner. In (b) and (e) the same corner was
represented by masking tape and tables of 76 cm height. The asymmetry is present as well. Furthermore, subjects kept a greater distance in general.
In (c) and (f ) subjects walked around a line indicated by white masking tape on the ground.
The video footage analysis used for this contribution might lead to further applications. Tracking feet instead of
heads has the advantage of more detailed information about the movement process. This information can be used
for explicit modelling of pedestrian motion based on stepping. For instance, the process of climbing stairs strongly
depends on stepping behaviour, which is an important issue in safety science. Additionally, the swaying of heads is a
challenge in video tracking and requires a better understanding of biomechanical human movement.
The series of controlled experiments supports previous ﬁndings (Seitz and Ko¨ster (2012)) that have shown a linear
dependency of step length on walking speed. The linear model was reﬁned and can be used for crowd simulation
models that make use of this relation, such as the Optimal Steps Model (Seitz and Ko¨ster (2012)). Other walking
behaviours, such as walking sideways or backwards, also show a signiﬁcant relation between step length and speed.
The investigation of walking on stairs showed how the stepping behaviour depends on speed and also how speed
diﬀers in ascend and descend. We found a clear diﬀerence in trajectories when pedestrians are skirting obstacles of
diﬀerent heights. Furthermore subjects accepted smaller distances to the obstacle when walking around a corner than
when they walked along the side.
Crowds are immensely complex systems. Many diﬀerent mechanisms contribute to crowd movement. Some of
the most important ones are contact forces, body movement, cognitive processes and social interaction. These are
investigated in their respective domains of physics, biomechanics, psychology and social psychology. We propose a
modular approach to modelling crowd dynamics, that is, separating the diﬀerent layers. This would make it easier for
experts from the respective ﬁelds to contribute to simulation models. Furthermore, it would reduce complexity to a
more manageable level, which might facilitate advances in modelling and validation.
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